[1] Dust transported from North Africa carries micronutrient iron (Fe) to the western tropical North Atlantic (WTNA) which may significantly influence the metabolism of the N 2 -fixing cyanobacteria, Trichodesmium. For the first time, we conducted shipboard incubation experiments using freshly collected aerosol, seawater, and Trichodesmium colonies. Trichodesmium assimilated significant amount of aerosol Fe up to 14 times higher than the control. The uptake amount increased proportionally to the P: Fe ratio that Trichodesmium initially contained and to the aerosol Fe added and leached to the incubation solution. Trichodesmium assimilated more aerosol Fe than needed for its maximum growth (0.14 d −1 ) demonstrating a high capacity of luxury uptake of Fe from the dust. Citation: Chen, Y., A. Tovar-
Introduction
[2] Trichodesmium is the most prominent nitrogen (N 2 )-fixing cyanobacteira that occurs throughout the oligotrophic tropical and subtropical oceans [Capone et al., 1997] . With its capacity to form extensive surface blooms, this diazotroph is likely a major contributor to "new" nitrogen of the marine ecosystem [Capone et al., 1998; Carpenter et al., 1999] . Evidence shows that N 2 fixation by Trichodesmium may contribute up to half of the nitrogen (N) required to sustain total annual production in the oligotrophic North Pacific, and therefore plays a critical role in the biogeochemical cycling of N and carbon [Karl et al., 1997] . Trichodesmium has a high Fe requirement due to additional Fe demand of nitrogenase enzyme complex, and its growth under diazotrophy (N 2 ) requires 5 fold more Fe than needed for equivalent growth on ammonium [Berman-Frank et al., 2001; Kustka et al., 2003] .
[3] Fe concentration is generally low in surface water of the open ocean but relatively high in the western tropical North Atlantic (WTNA) due to the impact of African dust. Atmospheric transport of continentally derived minerals, as a dominant source of Fe to the central ocean basins [Duce and Tindale, 1991] , may ultimately control Trichodemium growth and oceanic N 2 fixation [Falkowski, 1997] . Enhanced Trichodesmium blooms have been observed in the tropical Atlantic, western Pacific and tropical Indian oceans that are downwind of the major dust production areas, the Saharan Desert/Sahel, the Gobi Desert and the deserts bounding the Arabian Sea, respectively [Karl et al., 2002] . However, no correlation was found between the Fe concentration (total or dissolved) in seawater and Trichodesmium abundance in the Arabian Sea [Capone et al., 1998 ], the central North Atlantic [Sañudo-Wilhelmy et al., 2001] , and along the Atlantic Meridional Transect (AMT) [Tyrrell et al., 2003] . Accordingly, extremely short residence times (6-62 d) for total Fe were found in the upper water column of the equatorial Atlantic under the path of African dust plumes, suggesting that dust supply of Fe in surface water may be rapidly removed by aggregation and biological uptake [Croot et al., 2004] . Trichodesmium uptake of aerosol Fe could be a rapid and dynamic process where the uptake amount may increase as the increasing input of atmospheric Fe to the ocean. Kustka et al. [2003] observed a "luxury" uptake of 13 fold greater Fe than needed for moderately Fe-limited growth (0.1 d −1 ) in Trichodesmium cultures. Nonetheless, no in situ investigation has been conducted on Trichodemium uptake of aerosol Fe over oligotrophic oceans.
[4] For the first time we conducted shipboard incubation experiments using concurrent aerosol, seawater, and Trichodesmium samples collected over the WTNA between 18 April and 20 May 2003. The uptake of aerosol Fe by Trichodesmium was investigated in the area of heavy dust loading and Trichodesmium bloom.
Shipboard Incubation Experiments
[5] Aerosol, seawater and Trichodesmium samples were collected at three different locations where the incubation experiments (E1, E2 and E3) were performed. Latitudes and longitudes and associated seawater salinities are provided in Table 1 . These sites are under the impact of Amazon River plume considering slightly low salinity. Nonetheless African dust is still important in terms of labile/bioavailable Fe supply [Chen and Siefert, 2004] . Aerosols were sampled on Teflon filters using a high-volume dichotomous virtual impactor (HVDVI) and sub-sampled (cut to 1/8) by a polycarbonate die and a ceramic knife. Surface seawater was pumped from a "fish" and filtered (<0.22 mm) through an acid-cleaned polypropylene cartridge filter. Trichodesmium colonies were collected using an acid-cleaned all-plastic 100 mm mesh plankton net. Each experiment had four treatments with duplicates including seawater blank (T1), seawater plus aerosol (T2), seawater plus Trichodesmium (T3), and sea-water plus aerosol and Trichodesmium (T4). Aerosol filter was added into each 300 mL polycarbonate (PC) bottle of T2 and T4. About 100 Trichodesmium colonies were transferred individually into each bottle of T3 and T4 resulting a ratio of 1 colony per 3 mL seawater comparable to Trichodesmium bloom situation in oligotrophic oceans [Carpenter et al., 2004] . All bottles were placed in a flowing seawater incubator with a transparent PC cover for 24 hours, which blocks UV light and minimizes the photochemical reduction of aerosol Fe. Trichodesmium colonies were removed individually from each bottle of the E1 and E2 at the end, and placed on an acid-cleaned PC membrane soaked in 5 mL of ultraclean oxalate reagent for 5 minutes and then passed by 10 mL of Nanopure water. For E3, the colonies were deposited in a 3 mL Teflon vial for total fraction analysis. The remaining seawater and aerosol filter sub-samples were also saved for analysis. Duplicates of each treatment were combined due to extremely low concentrations of Fe and P in seawater and Trichodesmium. All experimental operations were performed following trace-metal clean techniques.
Fe and P Analysis
[6] Labile aerosol Fe was measured onboard following a sequential aqueous extraction procedure (SAEP) with the detection limit of 1.0 nM; total aerosol Fe was determined by Inductively Coupled Plasma Mass Spectrometry (HP 4500) with the analytical uncertainty of 30 nmol; soluble phosphate was determined by Ion Chromatography (Dionex DX-600. Details are given by Siefert [2003, 2004] . Seawater samples were acidified by HCl to pH <1.5 and stored for over 1 month prior to analysis. Fe concentrations were determined by ICP-MS (ThermoFinigan, Element 2) after pre-concentration with APDC/DDDC organic extraction [Bruland et al., 1985] . P concentration was determined by MAGIC method [Karl and Tien, 1992] . Trichodesmium collected on membrane or vial were acid digested and analyzed for Fe and P using ICP-MS [Kustka et al., 2003 ] and spectrophotometry [Gieskes et al., 1991] respectively. [Fe] r , suggesting possible contamination to Fe residue on filter sub-sample. Overall, these RPDs are reasonable considering inhomogeneous distribution of aerosols on each filter sub-sampled suggesting a minimal Fe contamination in our experiment. T1 is also designed to check for Fe contamination during incubation process, and the values of 0.4-2.4 nmol per 0.6 L seawater are comparable to the dissolved Fe (0.6-4.8 nM) in the WTNA indicating a good application of trace-metal clean techniques (Table 1) .
Results and Discussion

Fe Uptake by Trichodesmium
[8] At the end of incubation, Trichodesmium colonies in E1 and E2 were washed with oxalate reagent and analyzed for intracellular Fe ([Fe] intra ) following the same procedure used for the natural Trichodesmium sampled in the WTNA. In E3 total Fe associated with Trichodesmium was measured, and the [Fe] intra in T3 without aerosol addition can be calculated by multiplying the measured Fe by the ratio (0.65 ± 0.22) between intracellular and total Fe observed at 15 stations of the WTNA (A. Tover-Sanchez, unpublished data, 2004) . The average [Fe] intra in T3 of the E3 are significantly lower than those of the E1 and E2 (Figure 1) , which is consistent with the Fe contents in Trichodesmium sampled from the three experimental locations (0.8 nmol per 100 colonies for E1 and E2, and 0.6 nmol per 100 colonies for E3). Trichodesmium at the three locations also contain different levels of phosphorus with the minimum of 98 nmol per 100 colonies at E1 to the maximum of 234 nmol at E3, resulting in a sharply decrease of Fe: P ratio from 8.0, 5.2, to 2.5 mmol mol −1 that may influence the uptake capacity of Trichodesmium for aerosol Fe. Wash with oxalate reagent may not effectively remove the particulate aerosol Fe adsorbed on the Trichodesmium surface particularly in the incubation with high loadings of aerosol. The lithogenic Fe may be calculated according to the measured Al concentration that is a major and invariant component of crust [Taylor, 1964] . Taking into account an average Fe: Al crustal ratio of 0.04 [Wedepohl, 1995] , it was demonstrated that lithogenic Fe was successfully distinguished from intracellular Fe for phytoplankton collected in the Southern Ocean after an oxalate wash [Tovar-Sanchez et al., 2003; Hassler and Schoemann, 2009] . The [Fe] intra in T3 of the three experiments are then recalculated based on Al contents, and the correction of ∼0.07 nmol of [Fe] intra is negligible.
[9] The measured Al concentrations on Trichodesmium are 34.7, 58.5 and 95.2 nmol for the T4 of E1, E2 and E3 respectively, which are used for the correction of lithogenic Fe. Al is non-bioavailable and its uptake would be very limited. Assuming the ratios of lithogenic Fe to Al were constant on Trichodesmium surface with and without oxalate wash, Al correction could be applied to total Fe to calculate the [Fe] intra for the T4 of E3. It is found that average [Fe] intra in T4 increased approximately a factor of 2 and 14 compared to those of T3 for the E2 and E3 respectively, suggesting significant uptakes of aerosol Fe by Trichodesmium in these two experiments (Figure 1 ). Correspondingly, [Fe] sw in T2 are significantly higher than those in T4 of the E2 and E3 implying that part of aerosol Fe leached in seawater had been assimilated by Trichodesmium (Table 1) . It has been reported that Trichodesmium can use dust as an iron source [Rueter, 1988] and the uptake may happen quickly after the dissolution of particulate Fe. The increase of uptake amount of Fe is also proportional to the increase of the [Fe] sw in T2 for the three experiments, which further suggests that aerosol Fe freshly dissolved in seawater may be an Fe source preferred by Trichodesmium. The dissolution and followed uptake of aerosol Fe may happen simultaneously and therefore, previous studies couldn't find correlation between Trichodesmium abundance and dissolved Fe in the ocean [Capone et al., 1998 ]. Soluble fraction of aerosol Fe freshly deposited to the ocean seems more important to the growth of Trichodesmium. Small change (18% increase) of [Fe] intra is found between T4 and T3 of the E1, which is probably due to the lower [Fe] ini used in E1 relative to E2 and E3. Trichodesmium sampled at E1 site contains the highest Fe: P ratio of 8.0 mmol mol −1 , indicating these colonies may have stored enough Fe for physiological metabolism. The [Fe] intra in T4 increases significantly as more [Fe] ini is added to the incubation solution from E1 to E3 (Figure 2 ). This is consistent with the laboratory observations where both cellular Fe content and Fe uptake rate of Trichodesmium increased proportionally (log/log) to the total Fe concentration in the culture media [Kustka et al., 2003] . Trichodesmium sampled at three experimental sites contain different P: Fe ratios which increase proportionally with the uptake amounts of Fe (Figure 2 ), suggesting that P: Fe ratio may be one of critical factors controlling uptake capacity for aerosol Fe.
Luxury Uptake of Aerosol Fe
[10] Sañudo-Wilhelmy et al. [2001] suggested that the Trichodesmium in the central North Atlantic is not Felimited because the dissolved Fe: P ratios in seawater (11-15 mmol mol −1 ) are 3-4 times higher than that measured in Trichodesmium (3.7 mmol mol −1 ). Similarly, the dissolved Fe: P ratios of seawater at the experimental sites range between 22 and 400 mmol mol −1 (Table 1) , about 3-167 times higher than the average ratio of 5.2 mmol mol −1 in Trichodesmium (Figure 2 ). The colonies used for experiments are not expected to be historically Fe-limited. Nonetheless they show a strong uptake of aerosol Fe during the incubation. Soluble phosphate in aerosols sampled over the WTNA range between 0.08 and 0.6 nmol m −3 , the lower end of which is comparable to the measurements from other Atlantic cruise [Baker et al., 2006] . The molar ratio of Labile Fe to phosphate range between 0.14 and 0.68 in aerosols initially added (Table 1) , which is about an order of magnitude higher than that of Trichodesmium. Accordingly, higher amount of aerosol Fe is assimilated compared to phosphate, causing the increases of intracellular Fe: P ratios by a factor of 1.2 and 4 at the end of incubation for E1 and E2 respectively. Therefore, Trichodesmium in the WTNA may be adapted to a luxury uptake of aerosol Fe as a consequence of episodic dust event transported from North Africa which contains a high ratio of labile Fe to phosphate. [11] The C: N molar ratios of natural Trichodesmium range between 4.7 and 7.3 with a mean of 6.3 close to Redfield stoichiometry [LaRoche and Breitbarth, 2005] . The N: P ratio of 16 was reported for Trichodesmium grown under optimal laboratory conditions [Berman-Frank et al., 2001] . Assuming that the C: P molar ratio of Trichodesmium was 106, the calculated Fe: C ratios would be 247 and 567 mmol: mol −1 in T4 of the E1 and E2 respectively. These ratios are higher compared to the Fe: C ratio of 230 mmol mol −1 required for the maximum growth of Trichodesmium cultures (IMS101) under diazotrophy (0.14 d −1 [Kustka et al., 2003] ). High Fe: C ratios (from 20 to >500 mmol: mol −1 ) in natural Trichodesmium were also reported in several oceanic regions (e.g., Australia, Caribbean), which may be due to the low growth rate combined with Fe uptake in excess of growth requirements if limited by factors other than Fe [Kustka et al., 2002] . Trichodesmium shows a rapid uptake of aerosol Fe in our experiments. The maximum uptake rate of 3.3 × 10 −12 mol Fe colony −1 h −1 (based on E3) falls into the range of labbased estimates between 2.2 × 10 −12 and 14 × 10 −12 mol Fe colony −1 h −1 reported by Achilles et al. [2003] . Our experiments with the addition of >100 nM aerosol Fe to the incubation solution for 1 day are much higher than the natural dust supply of Fe to the sea surface (10 nM d −1 ) assuming the surface microlayer of 1 m and neglecting any losses of Fe (e.g., biological uptake). Nonetheless, the results still clearly show the large capacity of luxury uptake of aerosol Fe by the Trichodesmium in the WTNA.
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